Recent studies have utilized flow cytometry to measure macrophage (MΦ) phagocytosis of microorganisms (Stojkovic et al., 2008; Luo et al., 2006; Gille et al., 2006; Shida et al. 2006; Utaisincharoen et al., 2003) . However, quantifying alveolar MФ phagocytosis by flow cytometry is problematic due to their high autofluorescence. Additionally, MΦ phagocytosis assays performed in vitro with preopsonized or modified (e.g. heat-killed) bacteria to facilitate uptake (Medeiros et al., 2009; Fitzpatrick et al., 2008; Brown et al., 2007; Kudo et al., 2004 ) are limited by not adequately mimicking the biological environment within the infected lung. We therefore developed an in vivo assay using live, non-opsonized organisms that allows examination of uptake within the lungs as well as detection of underlying host immune defects leading to reduced opsonization and/ or phagocytosis during pulmonary infections. Our assay described herein has the potential for adaptation to other pathogens, other animal models, and even in vitro human studies.
Staphylococcus aureus 29213, Streptococcus pneumoniae 6303, Klebsiella pneumoniae 35657, and Escherichia coli 25922 (American Type Culture Collection, Rockville, MD, USA) were grown on sheep blood agar plates (Remel, Lenexa, KS, USA) for 16 hours at 37°C in 5% CO 2 . Organisms suspended in sterile water to an optical density of 1.0 at 540 nm (∼3×10 8 colony forming units (cfu)/ml) were incubated at room temperature for 15 min in the dark with 10 nM Syto 9 (Molecular Probes, Eugene, OR, USA). They were washed twice to remove excess dye and resuspended in sterile water. A FACSAria cytometer (Becton Dickinson, San Jose, CA, USA) with a 530/30 band pass filter was utilized to detect Syto 9 fluorescence. Syto 9 labeled staphylococci effectively, causing them to fluoresce more intensely than the autofluorescence of rat alveolar MΦs (Fig. 1A) . Syto 9 did not alter the viability of the bacteria, as shown by comparison of plate counts performed before and after staining (7 × 10 8 cfu/ml vs. 5 × 10 8 cfu/ml, respectively). To demonstrate that our assay could be adapted to measure phagocytosis of other common bacteria, we used Syto 9 to directly stain S. pneumoniae, K. pneumoniae, and E. coli, all of which stained more brightly than rat MΦs (Fig. 1B-D) . Several other fluorescent dyes were evaluated, but failed due to leakage (DAPI and Hoechst 33258), low fluorescent intensity (CT Blue CMAC and Qdot 800) or the need for species-specific reagents (APC-Cy7). Pathogen-free, male Sprague-Dawley rats (Charles River Laboratories, Kingston, NY, USA) were infected transtracheally with 1 × 10 8 cfu of Syto 9-labeled staphylococci under light anesthesia as described previously (Vander Top et al., 2006) . To prevent the loss of bacterial fluorescent intensity due to bacterial lysis within the MФs, the rats were euthanized exactly 15 minutes post-infection by an intraperitoneal injection of 75 mg/kg body weight of pentobarbital (Nembutal, Abbott Laboratories, Abbott Park, IL, USA) followed by exsanguination. Ex vivo bronchoalveolar lavage was performed to collect pulmonary cells from the rats' lungs as described previously (Preheim et al., 1991) . The recovered cells were stained with phycoerythrin (PE)-conjugated antibody (RP-1; BD Pharmingen, San Diego, CA, USA) to label neutrophils and a biotinylated antibody (1C7; BD Pharmingen) followed by streptavidin-allophycocyanin (APC) (BD Pharmingen) to label MФs (Vander Top et al., 2006) . Three-color flow cytometric analysis was performed using dual laser excitation (488 nm and 637 nm). On each assay day, MФs collected from a control rat infected with non-fluorescent staphylococci were used to exclude autofluorescence in the Syto 9 channel. Based on scatter characteristics, a minimum of 10,000 cells were analyzed in the APC (660 nm) channel for MФs and PE (575 nm) channel for neutrophils. The percentage of MФs with associated bacteria was determined as the percentage of APC positive cells fluorescing brighter in the Syto 9 (530 nm) channel than MФs from the control rat, as analyzed using FlowJo Software (Tree Star, Ashland, OR, USA).
Confocal microscopy was performed to ensure that staphylococci in positive MΦs had been internalized rather than bound to the cell surface. Cytospin slides prepared from lavage samples of each rat were examined with a scanning confocal microscope (Zeiss MicroImaging, Thornwood, NY, USA). Syto 9-labeled staphylococci were imaged using 488 nm excitation and a band pass filter of 500 -530 nm. A Chameleon ULTRA titanium:sapphire laser (Coherent, Santa Clara, CA, USA) was used for two-photon excitation (760 nm) of DAPIstained MФ nuclei (435 -485 nm band pass filter). Syto 9-labeled staphylococci were observed throughout MФs that were optically sectioned at 0.82 μm intervals. Individual MФ images in the same focal plane as MФ nuclei indicated the presence or absence of cytoplasmic bacteria as depicted in Figs. 2A and B, respectively. Fewer than 2% of the positive cells demonstrated 1 -2 surface-associated bacteria, verifying that the uptake measured was from phagocytosed organisms.
Manual counts of cytospin slides stained with hematoxylin and eosin also were performed to confirm the MΦ phagocytosis values determined by flow cytometry. Two hundred cells from each sample were counted independently by two technicians using a light microscope to quantify the percentage of MФs containing phagocytosed staphylococci (Fig. 2C) vs. those without internalized bacteria (Fig. 2D) . The flow cytometry and light microscopy phagocytosis values from 17 rats were compared by regression analysis (Fig. 3) . The mean percent of MΦ phagocytosis determined by flow cytometry was 23.5% and by manual counting was 16.6%, with a Spearman's rank order correlation coefficient of 0.63 (p = 0.007). Manual counts of MФs from control rats infected with unstained bacteria also were similar, indicating that Syto 9 did not affect staphylococcal virulence or adherence.
In conclusion, we have developed a flow cytometric assay to quantify bacterial uptake by MФs in vivo. The in vivo assay allows the determination to be made within the lungs of experimental animals during an actual infection. Although the assay was developed with S. aureus in rat lungs, successful staining of additional bacterial species indicates it can be adapted to other microorganisms and alternative in vivo animal models, as well as to quantification of uptake by human alveolar MФs in vitro.
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